ABSTRACT: Four new nor-spiro-azaphilones, thielavialides A−D (1− 4), a new bis-spiro-azaphilone, thielavialide E (5), together with pestafolide A (6), were isolated from the endophytic fungal strain, Thielavia sp. PA0001, occurring in the healthy leaf tissue of aeroponically grown Physalis alkekengi. The structures and relative configurations of 1−5 were established on the basis of their MS and NMR data. Possible biosynthetic pathways to thielavialides A−E (1− 5) from pestafolide A (6), some involving a Favorskii-like rearrangement, are proposed. E ndophytic fungi are a diverse group of ubiquitous organisms that colonize interior organs of living plants at some stage during their life cycle without any apparent negative effect on their hosts.
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ABSTRACT: Four new nor-spiro-azaphilones, thielavialides A−D (1− 4), a new bis-spiro-azaphilone, thielavialide E (5), together with pestafolide A (6), were isolated from the endophytic fungal strain, Thielavia sp. PA0001, occurring in the healthy leaf tissue of aeroponically grown Physalis alkekengi. The structures and relative configurations of 1−5 were established on the basis of their MS and NMR data. Possible biosynthetic pathways to thielavialides A−E (1− 5) from pestafolide A (6), some involving a Favorskii-like rearrangement, are proposed. E ndophytic fungi are a diverse group of ubiquitous organisms that colonize interior organs of living plants at some stage during their life cycle without any apparent negative effect on their hosts. 2 In their symbiotic association, the host plant (macrophyte) protects and feeds the endophyte, which in return produces bioactive secondary metabolites to enhance the growth and competitiveness of the host and to protect it from herbivores and plant pathogens. 3 In our ongoing search for bioactive and/or novel small-molecule natural products from plants and their associated microorganisms, we have investigated fungal strains inhabiting plants and mosses found in their natural environments.
1, 4 We have now extended our search to include fungal endophytes of plants growing under environmentally controlled conditions. Herein we report the isolation and characterization of four new nor-spiro-azaphilones, thielavialides A−D (1−4), a new bis-spiro-azaphilone, thielavialide E (5), and the known spiro-azaphilone, pestafolide A (6), from Thielavia sp. PA0001 (Chaetomiaceae), a fungal strain inhabiting the leaf tissue of Physalis alkekengi L. (bladder cherry; Solanaceae) grown under aeroponic conditions in a greenhouse. 5 Previous investigations of Thielavia species have afforded thielavins A−E, 6−9 thielocins A1α−A4β and B1− B3, 10, 11 hydroxybenzoates, 12 metabolite k4610178 with testosterone 5α-reductase-inhibitory activity, 13 and antibiotics 15352A−B.
14 Pestafolide A (6) with modest antifungal activity has previously been encountered in the endophytic fungus, Pestalotiopsis foedan. 15 To the best of our knowledge, this constitutes the first report of chemical investigation of an endophytic fungus isolated from an aeroponically grown plant. (Figure 1 ). The connectivity of this spin system, two methylenes, tertiary methyl, and the remaining atoms in 1 was established by the analysis of its HMBC spectrum to constitute a tricyclic ring system containing a cyclopentenone ring and two six-membered spiro-ketal rings (Figure 1) . Thus, HMBC correlations of H 2 -1 to C-2, C-6, and C-8, and H 2 -7 to C-2, C-6, and C-8 suggested the presence of a dihydropyran moiety in 1 and those of H 2 -9 to C-7 and H 2 -10 to C-8 established the connectivity between C-8 of this dihydropyran moiety and terminal methylene (CH 2 -9) of the spin system, −CH 2 CH 2 CH 2 CH(O)CH 3 . The oxymethine proton at δ 3.76 (H-12) showed an HMBC correlation to the dioxygenated carbon (C-8), establishing the connectivity between C-8 and C-12 via the oxygen atom of the above spin system. Connectivity of C-2 to C-3 and C-5 to C-6 was established by the HMBC correlations of H 2 -1 to C-2 and C-3, and H 2 -7 to C-5 and C-6, respectively. HMBC correlations of H 3 -14 to C-3, C-4, and C-5 provided evidence for the placement of the tertiary methyl group (CH 3 -14) on C-4. The 1 H NMR of 1 had two D 2 O exchangeable protons due to OH groups. One of these protons (δ 3.01) showed HMBC correlations to C-3, C-4, and C-5, suggesting that the OH bearing this proton is attached to C-4. The remaining D 2 O exchangeable proton at δ 2.80 showed HMBC correlations to C-2, C-3, and C-4, placing this OH at C-3. Thus, the planar structure of thielavialide A was established as that depicted in 1. The relative stereoconfiguration of 1 was established by the analysis of its 1 H NMR J-values, NOEDIFF data combined with three-dimensional molecular modeling. The large coupling constant (12.0 Hz) observed for H-11b and H-12 suggested that these protons had a trans diaxial relationship. NOE correlations of H-12 to H-10 ax and H-11 eq (H-11a) indicated that they were cofacial and hence CH 3 -13 should have opposite orientation. NOE correlations of H-1a (δ 4.26) to H-3 (δ 4.74) and H-12 (δ 3.76) suggested that these three protons were cofacial. These data confirmed that the relative stereochemistry Figure 1 . Selected COSY and HMBC correlations for 1. of the two hexacyclic rings of 1 was similar to that of pestafolide A (6). 15 NOE correlations observed for H-3 (δ 4.74) with OH-4 (δ 3.01) and H-1a (δ 4.26) suggested that these protons were cofacial. Hence OH-3 and CH 3 -14 should be on the opposite side of the molecule. The relative configuration of thielavialide A (1) was thus established as that shown in Figure 2 .
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The HRESIMS of thielavialide B (2), also obtained as an optically active colorless gum, displayed a molecular ion consistent with the molecular formula C 14 (Table 1) closely resembled those of 1 except for the differences observed for the methylene carbons, C-1 (δ 59.0 for 1; 55.7 for 2) and C-7 (δ 31.7 for 1; 36.1 for 2). Because 1 and 2 have the same molecular formula, these changes in chemical shifts may be explained as due to the structural differences in cyclopentenone rings of these two compounds. Oxidation of the hydroxymethine group at C-3 in 1 to a carbonyl group in 2 and the reduction of the carbonyl group in 1 to a hydroxymethine group in 2 would result in differences observed in their NMR spectra. This was confirmed by the HMBC correlations of H-7b (δ H 2.35) to the hydroxymethine carbon C-5 (δ 78.4) of 2 (Supporting Information, Figure S1 ). Application of NOEDIFF data suggested that the relative stereoconfiguration of two six-membered spiro-ketal moieties in 2 were similar to that of 1. The orientation of the OH at C-5 of 2 was determined to be opposite to that of H-1a by NOE correlations observed between H-12/H-1a, H-1b/H-7b, and H7b/H-5 (Supporting Information, Figure S1 ). The foregoing suggested that thielavialide B is isomeric with 1 and has the structure as depicted in 2.
Thielavialide C (3) obtained as an optically active colorless gum, was determined to have the same molecular formula (C 14 (Table 1) were almost identical with those of 1 except for minor differences at C-3 [δ H 4.74 brd (J = 2.8 Hz), δ C 76.9 for 1; δ H 4.78 brs, δ C 78.2 for 3), suggesting that 1 and 3 are stereoisomeric at C-3. The presence of carbonyl group at C-5 in 3 was supported by the observed HMBC correlations of H-7a to C-5 (δ C 204.6) (Supporting Information, Figure S2 ). NOEDIFF data indicated that the relative stereoconfiguration of the two spiro-ketal rings in 3 were similar to that of 1. In addition, NOE correlations between H-12/H-1a, H-1b/H-3, and H 3 -14/H-3 (Supporting Information, Figure S2 ) revealed that H-3 and H-1b are cofacial and therefore the OH at C-3 should be cofacial with H-1a, confirming the structure 3 proposed for thielavialide C.
The molecular formula of thielavialide D (4), obtained as an optically active white amorphous solid, was determined to be C 14 ) and 4-cyclopentene-1,3-dione (1702 cm −1 ) moieties. 16 The 1 H and 13 C NMR data (Table 1 ) and the molecular weight difference of 2 Da between 1−3 and 4 suggested that 4 is probably an oxidation product of 1, 2, or 3. The major difference in NMR spectra of 1−3 and 4 was found to be the absence of the hydroxymethine group at C-3 or C-5 of 4. Compared with 1−3, which contain a single carbonyl group, the 13 C NMR of thielavialide D (4) showed the presence of two carbonyl groups at δ C 200.3 and 198.9, exhibiting HMBC correlations to H-1 and H-7, respectively (Supporting Information, Figure S23 ). As expected, oxidation of thielavialide A (1) with MnO 2 afforded a product which was shown to be identical ([α] four possible MM2 energy-minimized stereoisomers as predicted by three-dimensional molecular modeling [two twisted trans isomers (5a and 5b) and two twisted cis isomers (5c and 5d, Supporting Information, Figure S3 ]. As we failed to obtain crystals suitable for X-ray analysis, we utilized NMR data to differentiate between these four stereoisomers of 5. Irradiation of one of the oxygenated methylene protons at δ 4.33 (H-1b/H-1b′) during the NOEDIFF experiment led to a significant enhancement of H-13/H-13′, indicating that these two protons were cofacial as those in pestafolide A (6). 15 One of the methylene protons at δ 2.96 (H-8a/H-8′a) showed a long-range NOE with the tertiary methyl protons at δ H 1.70 (H 3 -15/H 3 -15′)] similar to that shown by related protons of naphthylisoquinoline alkaloids. 18 Close examination of structures 5a−5d indicated that in the same monomeric unit these two protons (H-8a and H 3 -15 or H-8′a and H 3 -15′) are located ca. 5 Å from each other, suggesting that the NOEs observed are caused by these protons in different monomeric units ( Figure  3 ). This is possible only with the twisted trans and the twisted cis isomers, 5a and 5c, respectively (Supporting Information, Figure S3 ). Careful analysis of 1 H NMR data indicated that one of the two protons H-8 or H-8′ of 5 was shifted downfield (δ H 2.96) compared to the other (δ H 2.26), while these two protons showed very close chemical shifts (δ H 2.32 and 2.20) in pestafolide A (6) . 15 This suggested the possible existence of magnetic anisotropy or a steric compression due to some group(s) present in 5. Examination of the isomeric structures 5a and 5c revealed that the C-5 (or C-5′) carbonyl group was close (2.4 Å) to H-8a (or H-8′a) in the trans isomer 5a. In the cis isomer 5c, the distance between C-5 carbonyl and H-8a (or C-5′ carbonyl and H-8′a) was found to be considerably larger (3.9 Å) (Supporting Information, Figure S3 ), suggesting that thielavialide E has the structure with the probable relative configuration as depicted in 5 and in Figure 3 . The metabolite 6 was identified as pestafolide A by comparison of its [α] D and NMR data with those reported. 15 All compounds were tested in our in-house cytotoxicity, 19 cell migration inhibition, 20 and heat-shock induction 21 assays and were found to be inactive up to a concentration of 10.0 μM. Biosynthetically, thielavialides may be formed from pestafolide A (6), which was found to co-occur in Thielavia sp. PA0001. A probable biosynthetic pathway to thielavialides A−D (1−4) from 6 involving a Favorskii-like rearrangement of its oxidation product, 5-dehydropestafolide A (7), is depicted in Scheme 1. Favorskii-like rearrangements have previously been invoked in biosynthesis of the microbial metabolites aspyrone, 22 asterredione, 23 and enterocin. 24 As depicted in Scheme 1, biosynthesis of thielavialide E (5) may involve a radical oxidative coupling of the intermediate 7 or its acetate. Similar oxidative coupling has recently been proposed for the biosynthesis of the related bis-spiro-azaphilone, cochliodone A. 25 
■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were measured at 25°C with a JASCO Dip-370 digital polarimeter using MeOH as solvent. UV spectra were recorded in CHCl 3 on a Shimadzu UV-1601 UV−vis spectrometer. FT-IR spectra for KBr discs were recorded on a Shimadzu FTIR-8300 spectrometer. 1D and 2D NMR spectra were recorded in CDCl 3 with a Bruker AVANCE III instrument at 400 MHz for 1 H NMR and 100 MHz for 13 C NMR using residual CHCl 3 as internal standard; the chemical shift values (δ) are given in parts per million (ppm), and the coupling constants are in Hz. Low-resolution mass spectra were measured in the APCI positive ion and negative ion modes on a Shimadzu LCMS-QP8000α spectrometer with 4 kV detector voltage and 400°C probe temperature. High-resolution mass spectra were measured in the ESI positive-ion mode on a Bruker 9.4T FT-ICR spectrometer with the collision energy of 6 eV. Column chromatography was performed on Baker silica gel 40 μm flash chromatography packing (J. T. Baker) or Sephadex LH-20 (25−100 μm; GE Healthcare). Analytical and preparative thin-layer chromatography (TLC) were performed on precoated 0.20 mm thick plates of silica gel 60 F 254 (Merck); spraying with a solution of anisaldehyde and concd H 2 SO 4 in glacial acetic acid and water followed by heating was used to visualize the spots on analytical TLC.
Fungal Isolation and Identification. In June 2007, healthy leaves of Physalis alkekengi were collected from aeroponically grown plants in a greenhouse at the Southwest Center for Natural Products Research and Commercialization (SCNPRC), University of Arizona, Tucson, Arizona, USA. The leaves were cut into 2 cm × 2 cm segments, washed in tap water, surface-sterilized by agitating sequentially in 95% EtOH for 30 s, 0.5% NaOCl for 2 min, and 70% EtOH for 2 min and then surface-dried under sterile conditions before cutting into 2 mm × 2 mm pieces. 26 These pieces of leaves were plated on 2% malt extract agar (MEA) in a Petri plate. The plate was sealed with Parafilm and incubated under ambient light/dark conditions at room temperature (ca. 21.5°C). The emergent fungal colonies were isolated and transferred into 2% MEA, vouchered in sterile water, and deposited as living voucher at SCNPRC under accession no. PA0001. Total genomic DNA was extracted directly from the isolate, 26 and PCR amplification of the nuclear ribosomal internally transcribed spacer region (ITSrDNA) was performed in 25 μL reaction volumes containing 12.5 μL of EmeraldAmp GT PCR Mastermix from Clontech, 6.5 μL of PCR-quality water, 2.5 μL of each primer (5 μM), and 1 μL of template. Primers ITS5 and LR3 were used as primers to amplify ITSrDNA (see http://biology.duke.edu/fungi/mycolab/ primers.htm). Cycling reactions were run on Eppendorf Matercycler epgradient S under the following conditions: 30 cycles of 98°C for 10 s, 46°C for 30 s, and 72°C for 120 s, followed by one cycle of 72°C for 300 s. A vivid green dye stain (from the EmeraldAmp Mastermix) was used to detect DNA bands on a 1% agarose gel. All products yielded single bands. PCR products were cleaned using GFX PCR DNA and Gel Band Purification Kit from GE Healthcare. Amplified DNA was sequenced for both forward and reverse reads at the University of Arizona Genetics Core facility. The sequencing reads were submitted to BLAST searches of the NCBI GenBank database for identification. The BLAST search revealed 99% similarity with Thielavia terrestris NRRL 8126 accession number CP003011.1. Because PA0001 was not 100% similar to this, it was designated as Thielavia sp. PA0001. The sequence is deposited in GenBank under accession no. KJ813011.
Culturing and Isolation of Metabolites. A seed culture of Thielavia sp. PA0001 grown on PDA for 2 weeks was used for inoculation. Mycelia were scraped out and vortexed with sterile PDB (90 mL) and filtered through a 100 μm filter to separate spores from the mycelia. Absorbance of the spore solution was measured (at 600 nm) and adjusted to 0.6. This spore solution was used to inoculate 4 × 2.0 L Erlenmeyer flasks, each holding 1.0 L of the medium (PDB) containing 0.25 mM CuSO 4 and incubated at 160 rpm and 28°C. One week after inoculation, the glucose level in the medium was monitored using glucose strips (URISCAN glucose strip). On day 49, the strip gave a blue color for the glucose test, indicating the absence of glucose in the medium. Mycelia were then separated by filtration, and the filtrate (pH = 5. . Only those fractions containing isolable compounds were subjected to further purification. Fraction A (26.0 mg) was purified by preparative TLC developed with hexanes/EtOAc (4:6) to give 5 (2.8 mg, R f = 0.65). Repeated preparative TLC of fraction B (6.7 mg) yielded 6 (4.5 mg). Fraction C (34.6 mg) was subjected to repeated preparative TLC (silica gel) to give 4 (4.1 mg). Fraction E (47.8 mg) was subjected to gel permeation chromatography over column of Sephadex LH-20 (3.0 g) made up in hexanes/CH 2 Cl 2 (1:4) and eluted with hexanes/CH 2 Cl 2 (1:4, 100 mL), CH 2 Cl 2 /acetone (1:4, 100 mL), CH 2 Cl 2 /acetone (3:2, 100 mL), and finally with CH 2 Cl 2 /MeOH (1:1, 50 mL). Thirty fractions (6.0 mL each) were collected, and fractions having similar TLC profiles were combined to give three major fractions [E-1 (15.7 mg), E-2 (19.8 mg), and E-3 (28.4 mg)]. Fraction E-2 was subjected to repeated preparative TLC (silica gel) to give 1 (3.8 mg), 2 (1.7 mg), and 3 (1.5 mg). 2H, m, H-11a, H-11′a), 1.70 (6H, s, H 3 -15, H 3 -15′), 1.65 (2H, m, H-12a, H-12′a), 1.64 (2H, m, H-11b, H-11′b 
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